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Abstract 
Because of the extensive manufacturing chain in the present automotive mass production environment, deviations can have a large 
impact. Rerouting knowledge about deviation behavior back from production into development is crucial for the quality of the 
product. This study aims to make deep drawing deviations of aluminum body sheets more traceable. Geometrical measurements of 
a sample part are compared to the topology. Similarities between local stiffnesses and deviations can be detected and 
quantified by a higher-order polynomial, making it easier to predict deviations. Moreover, the standard deviations and mean values 
are analyzed regarding the topology. 
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1. Considering production deviations in the 
development process 
Modern mass production in the automotive industry is 
very sensitive towards fabrication tolerances. To ensure 
the complete functionality of the assembly two main 
aspects have to be considered. First of all a large amount 
of single components need to be adapted to each other 
regarding their geometrical specifications, i.e. permitted 
tolerances. Secondly effects resulting from the 
assembling processes need to be taken into account [1]. 
The permitted deviations for the single components as 
well as the processes need to be defined according to the 
special environment of mass production and the 
proposition to avoid any kind of refinishing operations. 
1.1. Application of tolerance simulation 
To be able to define the permitted deviation in the 
development phase the application of computation tools 
is required. The simulation is a valuable tool to analyze 
the effect of single component deviations on the 
precision of functional dimensions of the final assembly 
if hardware is not yet available. Regularly utilized CAD-
based tools are the CATIA V5-integrated 3DCS or 
VisVSA [2] for instance. 
The investigated fields run from subassemblies of the 
body-in-white to the installation of mounting parts made 
from plastic (cp. [3]), as the simulation tools allow a 
comparatively plain evaluation of concepts. Usually 
computations consider geometrical deviations of the 
single part as well as those caused by certain joining 
operations. 
1.2. Input data for dimensional analyses 
State of the art software tools provide a large variety 
of applicable shapes of distribution, such as the 
Gaussian, rectangular, triangular and folded distribution 
patterns. The most common real shapes for deviations in 
the automotive body-in-white assembly are the folded 
normal distributions [4]. However, since there always is 
some kind of resulting functional dimension analyzed, a 
string of deviations is relevant. As folding more than 
two single deviation patterns in most cases gives a 
normal distribution [5], this pattern usually is applied 
right away. 
The deviation value used as input for the dimensional 
simulation usually is based on the assigned tolerance 
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specifications. Hence in the majority of cases where e.g. 
cp = cpk = 1 is assumed, especially for dimensional 
deviations of single parts, a normal distribution shape is 
presupposed and the width of the tolerance zone 
determines the shape of the Gaussian. For example, six 
times the standard deviation of the assumed normal 
distribution is set to the width of the tolerance zone. This 
procedure is followed assigning deviation information to 
all important functional elements of a part in order to 
build up a body-in-white simulation. Functional 
elements refer to details of a piece part which later in the 
assembly fulfill a technical or optical function, for 
example a connecting surface to an adjoining part or a 
class A-surface [6]. 
Moreover, most computations consider certain 
aspects of joining operations. Depending on the joining 
technology there are different ways to model the 
deviation occurring at the joint. For a bolt and hole 
connection for instance, a normal distribution would not 
be appropriate since in most cases the bolt will not be 
located in the center of the hole. That is why in this case 
there are usually skewed distributions applied, such as 
the Rayleigh pattern, cp. [7]. 
2. Approach to gain realistic input data 
Refined simulations will have to use more precise 
modeling of deviation behavior instead of relying on 
across-the-board assumptions. The present research 
work provides further knowledge about deviation 
phenomena. An improved tolerance simulation needs to 
be established as the interface between computer aided 
design and digital manufacturing. Enhanced insights into 
deviation behavior thus help to improve the quality and 
the maintenance demand of production systems and the 
sustainability of the production.  
2.1. Rerouting production information back into 
simulations 
Though there are various research approaches to 
improve tolerance simulations, for example considering 
the mapping of elastic behavior by Voß [8] and others, 
the industrial use cases are limited to the imaging of 
single part and certain joining technology deviations. 
The impacts of handling single parts and subassemblies, 
of the spatial arrangement in which assemblies are 
joined and of deviation clearing joints are not accounted 
for in detail. Nevertheless, it is not proven that those and 
other aspects do not have a significant effect on the 
spread of the resulting functional dimension. 
Furthermore the utilized piece part deviation 
characteristics are based on the specifications compiled 
by the development department to ensure functionality, 
but not on deviations to be expected in real life. 
Consequently the simulations can be improved by 
rerouting real-life data of the production processes back 
to the computation. An original equipment manufacturer 
commands a lot of research data concerning 
manufacturing processes such as deep drawing. So this 
information can be fed back into research and 
development on a much larger scale quite easily. The 
knowledge and experience made with stamping needs to 
be more intensely used as an indicator for geometrical 
specifications of new piece parts. 
2.2. Influencing variables for deep drawing deviations 
The latter approach is seized by analyzing which 
manufacturing and geometrical parameters would allow 
inferences to the deviation behavior of deep drawn body 
components. In general process parameters have been 
researched in depth and are well known. The only 
behavior in context of manufacturing processes in need 
of further research is the spring back behavior, cp. [9]. 
Most of the other manufacturing behaviors and 
parameters show only small variations and are not only 
observed but also capable of being influenced, for 
example the friction between the die and the metal 
blank. Disregarding the spring back behavior, one can 
conclude that the process parameters are well looked 
after, while topological attributes are barely considered 
when analyses of deep drawing deviations are 
conducted. 
Bohn [10] did the first attempt to research the 
influence of geometrical characteristics of a piece part 
on its deviation behavior. Local stiffness as a parameter 
distinguishing the topology of a body part was 
associated to the occurring deviation at the same spots. 
This relation was recently further quantified by Klinger 
and Bohn [11] for high strength steels. The research 
work depicted in this article deals with setting up the 
same connection for a deep drawing part made of 
aluminum. The goal is to utilize the local stiffness as an 
indicator for deviations of any arbitrary piece part. 
Besides the statistical spread, the mean values at 
comprehensive measurement points are also analyzed 
with respect to the topological features of the sample 
part and to the differing deep drawing process steps.  
2.3. Theoretical approach of analyzing deviations 
Usually deep drawing operations drive closed or at 
least bend geometrical patterns into the blank, increasing 
the local stiffness. With higher stiffness the part will less 
likely change its shape again at this spot. This leads to 
the thought that with a higher local stiffness, the 
embossed topology in this area will stick closer to the 
target set by the die, resulting in smaller deviations. So 
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analyzing the local stiffness of piece parts should
indicate the occurring statistical spreads.
As subsequent deep drawing operations repeatedly
influence the primary created geometry, those steps
interfere with the explained theoretical approach. This is
why areas affected by those operation steps are analyzed
separately in hindsight.
3. Correlation of piece part deviations and stiffness
3.1. Generation of statistically interpretable measure-
ment data
To be able to validate the postulated working
hypothesis, accurate measurement data must be
available. While selecting a sample part made of 
aluminum, a few aspects have to be taken into account. 
A large number of samples have to be available, the
manufacturing process of the part shall be considered as
fixed, the geometry shall allow for a quick measurement
of the part and the piece part shall be inherently rigid.
The latter requirement is to ensure to keep the influence
of the clamped support on the measuring device small.
The goal is to measure the accuracy of the deep drawn 
part itself, not the support restrains.
Attempting to generate universal findings, a
representative sample part on which to perform the
research has to be defined. This part has to include the
most common geometrical features for stampings. To
methodically pick the right sample part, those features 
are amassed and rated according to importance as shown
in Table 1.
Finally, on the basis of the described features and
their weighting coefficient, the sample part is assigned.
The chosen console is a body-in-white part of the door 
frame of the current CLS-class and displayed in Fig. 1. It 
is made of a 6000 Aluminum alloy, AlMg0,5Si0,6(Cu)
Table 1. Common geometrical features of stampings
Geometrical
feature
Explanation Weighting
Step Continuous, distinctive leap of 
level
5
Embossment Narrow, small leap of level 4
Chamfer Angle created by a folding 
operation
2
Edge depression Reinforcement of 
steps/chamfers
2
Offset Small leap of level at part edge 3
(Elongated) Hole - 3
Trimming Complexity of the trimming
pattern
1
Flanged whole Embossed whole 2
Fig. 1. Sample piece part, console
has a tensile strength of 170 MPa and has a thickness of 
1.5 mm. The piece part is manufactured at the same
plant where the measurements were conducted, avoiding 
possible deformation by extensive handling.
As a base pillar for reliable statistical conclusions the 
confidence interval is to be kept small. Thus a sample
size of 200 parts is measured by a high precision bridge-
type coordinate measuring machine. Because of this
sample size, it is important to keep the measurement 
plan lean. Only this high number of samples can assure 
that the standard deviation could be determined with a
statistical error less than 10 %.
For the measurement the samples are supported as
shown by the datums indicated in Fig. 1. This datum 
system is as used for the examination and assembling of 
the piece part in the production process. The frame of 
reference is of great importance for measurements as it
has a major impact on the results. Thus it always needs 
to be considered when interpreting results.
Another reason to insist on the explained geometrical
features is the desire to analyze a versatile geometry.
This way the computed stiffness and the measured
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deviations are more independent of the support system,
as local differences within the part are large anyway.
3.2. Determination of local stiffness
To ascertain the local stiffness FEM (finite element 
method) computations are carried out. The mesh size is
in the range of 1 mm. Using the same datum system as 
presetting to set up the fixed supports ensure the
comparability of the calculated stiffness to the measured 
deviation. Selected measurement points are acted upon 
with a unit force of 10 N along the point s surface 
normal. The resulting deflection is used as a reciprocal 
key figure for stiffness. Only the normal component of 
the deflection, i.e. the component being in accordance
with the applied force, is taken into account, as all other 
shares are related to global but not local deformation.
Global deformation is only caused by the support 
system, whose influence should be minimized.
Fig. 2. Measurement points of the sample part
3.3. Matching of the measurements and computations
The calculated deflections and the measured
deviations are matched using curve fitting. A transfer
function is identified to be able to deduce the deviations
from the computed displacements.
This derivation is carried out on the basis of 19 of the
overall 183 measurement points. All measurement points 
are displayed in Fig. 2, while the 19 prioritized ones are
highlighted by the assigned numbers framed by boxes.
As can be inferred from Fig. 3, a second order 
polynomial is sufficient to describe the detected 
coherency:
(1)
with scalc for the calculated deviation, xFEM for the 
computed deflections and a for the coefficients to be
determined by the correlation. As shown also higher
order polynomials are applied, but do not make for a
significantly higher coefficient of determination. With 
the coefficients displayed in Table 2 the second order 
polynomial gives accurate results.
Table 2. Coefficients for calculation of the deviation from stiffness
Coefficient a0 a1 a2
Value 0.0221 0.2827 -0.1607
Applying the derived coefficients the deviations
shown in Fig. 3 can be calculated from the stiffness 
computations. In the same diagram the measured 
deviation and its error are displayed. The error consists
of two shares, statistical and metrological, which are
added by the root sum square method.
Fig. 3. Curve fitting of deviation and deflection
2
210 FEMFEMcalc xaxaas
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Fig. 4. Comparison of the measured and calculated deviation
Fig. 4 shows that only at three of the 19 researched 
measurement points the calculated deviation narrowly
misses the error bar of the measured deviation. It has to
be considered that the error of the FEM computation is
not included in this examination.
4. Statistical spread and mean difference in relation
to deep drawing process steps and topology features
Fig. 5 and Fig. 6 display the standard deviation and
the mean difference at all measurement points of the
part. For both illustrations the datum system has a major 
influence on the values. Especially for the standard
deviation research the measurements seem to be highly
dependent of the support system. The asterisks in the
figures illustrate the datum positions. Around the Y-
supports in Fig. 5 the standard deviation leans towards
zero.
One finding is that there seems to be no difference
between the edge and the center of a definite subarea for 
the statistical spread, though one might suppose that the
center of the subarea would be less stable. Also the
calibration operation seems to have no effect on the
standard deviation. The last step of the process-
engineering is calibrating the bent edge around the main 
surface of the console. However, in those areas there is
no difference observable compared to the other areas.
Only one outlier at the top flange seems to make a
difference here, but as this is only a single measuring 
point no pattern can be deduced.
Except the strong dependency on the datum system there
is no connection between standard deviation and mean
difference. In contrast to the standard deviation the mean 
difference shows quite random behavior which cannot 
be associated to any obvious pattern. For example at the 
right hand edge the mean difference seems to be
alternating randomly. This behavior might be related to
cutting operations, since the geometrical continuous
edge is trimmed by three operation steps consisting of 
five segments in total.
Fig. 5. Standard deviation at measurement points
Fig. 6. Mean difference at measurement points
At the feature on the lower left hand region there are
larger mean differences right above the step than below 
the step. This lack of constant malposition differs in two
contexts from the usual pattern. As explained, there are 
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usually occurring larger differences on spots further 
away from datums. Secondly the larger, more stable 
surface shows less mean difference than the smaller 
surfaces right at the piece part edge. This behavior may 
result from the calibration operation. 
While the standard deviation is pretty constant over a 
definite subarea, the mean value shows differences 
between edge and center. Oddly enough there are some 
surfaces where the mean difference is larger at the edges 
than in the center of the area. Usually one would assume 
that the stiffer edges show the smaller mean deviation, 
but this relation only seems to be valid with statistical 
spread, if at all. 
5. Evaluation of the findings 
5.1. Correlation of stiffness and deviation 
In chapter 3.3 it is disclosed that the deviation values 
inferred from the FEM computation agree well with the 
measured ones. The worst results are occurring at points 
48 to 51, 71 to 82 as well as 130 and 131. The 
explanation for the inexact correlation at points 48 to 51 
might be the hole close by. It is probable that the hole 
punching operation affects the deviation at its 
surroundings. Points 130 and 131 are located on the 
flange outside the triangle set up by the primary datum 
positions, which explains poorer results. On the other 
hand 120 and 176, placed right at the edge affected by 
the same calibration which also positions the flange, are 
correlating perfectly. 
However, overall the stiffness and statistical spread 
can be correlated to each other quite well which proved 
to quantify the relation.  
5.2. Statistical analysis 
The statistical research shows the strong dependency 
of the measurements of the datum system. Analyzing the 
standard deviation an evident gradient towards the main 
level supports is revealed.  
The mean difference displays a much weaker relation 
to the fixed support. Nevertheless, the occurrent random 
pattern of the mean values can hardly be related to any 
manufacturing aspects. Though some phenomena most 
likely are owed to the calibration step, which is the final 
one in the deep drawing process, only few systematic 
behaviors can be detected. 
6. Conclusion 
The paper establishes a valuable practice to appraise 
the expected deviations of deep drawn aluminum parts in 
an early development phase. By computing the local 
stiffnesses appraisals about the resulting deviations can 
be gained. Moreover, the designing engineer proactively 
can adapt the shape of the part to decrease the deviation 
at certain spots. For example placing a local embossing 
would reduce the statistical spread at this location. 
As usual when there is geometrical measurement 
involved, the results refer to some kind of reference 
system. This dependency needs to be further assessed to 
be able to use the findings more generally. Unfortunately 
only few connections could be established to the 
geometrical properties and the deep drawing process, 
though some phenomena advise a significant impact of 
the final calibration step, also predominating other self-
evident effects. In this context more detailed research 
regarding the single process steps is required. For 
example the difference in terms of deviation between the 
same piece part drawn in one step and in two steps is 
worth analyzing. 
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